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Chemically pure colloidal suspensions of gold and silver nanoparticles were synthesized using pulsed laser ablation. The dependence of laser ﬂuence
on the surface plasmon characteristics of the nanoparticles was investigated. Au:Ag colloidal suspensions were prepared by mixing highly monodisperse
Au and Ag nanocolloids. The plasmon band of these mixtures was found to be highly sensitive to Au:Ag concentration ratio and wavelength of the laser
beam used in the ablation process. The Au:Ag mixture consists of almost spherical shaped nanostructures with a tendency to join with adjacent ones.
The surface enhanced Raman scattering activity of the Au, Ag and Au:Ag colloidal suspensions was tested using crystal violet as probe molecules.
Enhancement in Raman signal obtained with Au:Ag substrates was found to be promising and strongly depends on its plasmon characteristics.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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Colloidal metal nanoparticles are of great interest for research-
ers from a wide range of disciplines including materials science,
physics, engineering and chemistry due to its unique magnetic,
electronic and optical properties [1–4]. The nanoscale size
causes electron conﬁnement in metal nanoparticles resulting in
the surface plasmon resonance (SPR) property. The plasmon
characteristics of these nanoparticles varies with its size, shape,
composition and crystallinity. In the recent past, unprecedented
research efforts have been focused on the controllable preparation
of nanocrystals with various geometries and uncovered surfaces
[5–7]. The UV–visible absorption spectra of metal nanocolloids
are related to the surface plasmon resonance, whose frequencies
depend on the aggregation pattern of the nanoparticles in the
colloidal suspension [2]. Clustering of colloidal nanoparticles has
recently been utilized to form secondary nanostructures by taking
advantage of their collective electromagnetic interactions, which10.1016/j.pnsc.2014.10.003
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method [8]. This allows the combination of properties of
individual nanoparticles by taking advantage of the interactions
between neighboring nanoparticles, which can result in new
properties different from that of the original constituents [9]. The
combined metal nanostructures are attractive to investigate for
their composition sensitive surface plasmon properties, especially
the combination of Au and Ag [5].
Upon photoexcitation, the collective oscillations of electrons
create a strong enhancement of the electromagnetic ﬁeld in the
vicinity of the nanoparticles and it has been successfully
employed to enhance Raman signals in surface enhanced Raman
spectroscopy (SERS) applications. Au and Ag colloids are the
metallic systems largely employed in SERS as substrates. The use
of colloidal suspensions has several advantages in comparison
with other SERS active substrates due to the presence of solvent
medium, which can accommodate higher energetic excitation
lines and large illumination volume. In addition, the acquisition of
average Raman spectrum due to the Brownian motion of the
metal nanoparticles is possible [10]. The enhanced vibrational
signals, low detection limits and good adsorbate selectivity make
SERS a potential tool for applications such as bio-sensing [11,12].Elsevier B.V. All rights reserved.
M. Vinod, K.G. Gopchandran / Progress in Natural Science: Materials International 24 (2014) 569–578570The main enhancement mechanisms that have been considered for
the SERS are the electromagnetic and chemical processes [13,14].
The direct chemical reduction is one of the well established
processes to prepare the nanocolloids but it is generally accepted
that ligands play a vital role in the growth of nanocrystals. Hence,
in terms of purity (presence of residual ions, excess surfactant and
toxic molecules), chemical reduction has several limitations to
apply these nanoparticles for the biological, catalytic and sensing
applications. Recently, the pulsed laser ablation of noble metals in
liquid medium (PLAL) has received remarkable attention of
researchers, which allows synthesis of highly stable nanoparticles
without affecting the natural purity. It was ﬁrst proposed by
Nedderson, Cotton and Chumanov [15]. The basic mechanism of
the PLAL is that the laser pulses focused on the bulk target absorb
and generate a plasma plume that swiftly expands into the
surrounding solvent medium with the emission of shockwaves,
which later cools down, extinguish and decompose within nano-
to micro-seconds. Subsequently, the atomized material removed
from the target may interact with the solvent and solute species,
then leads to the nucleation, growth and formation of nanoparticles
[16–18]. The advantages of laser ablation in liquid medium are
(i) synthesis is trouble-free, inexpensive and convenient, (ii) water
as well as combination of mediums can be used, (iii) wavelengths
and laser energy density can be varied and (iv) the nanoparticles
are free from contamination. Au–Ag alloyed nanoparticles show a
single, composition-sensitive absorption band located at an inter-
mediate position between the plasmon bands corresponding to Au
and Ag nanoparticles, whereas two peaks at around 400 and
500 nm were observed for mechanically mixed colloidal Au and
Ag nanocrystals [19–23].
In this paper, we report the synthesis of Au and Ag nanoparticles
using pulsed laser ablation in water. Laser beams at two wave-
lengths 355 and 1064 nm were used in the ablation process. The
laser ﬂuence was varied to obtain Au and Ag nanoparticles with
high degree of homogeneity. Bimetallic, Aux:Ag100x nanocolloids
are prepared by mechanical mixing of the Au and Ag suspensions
in different proportions. An attempt is also made to test the SERS
activity of these substrates using crystal violet as probe molecules.
2. Experimental section
The laser ablation was carried out with a Q-switched Nd:
YAG laser (Quanta-Ray of Spectra Physics make) that provides
6–7 ns full width at half maximum laser pulses. The maximum
energy of the laser at 1064 nm was 400 mJ and energy at its
third harmonic of 355 nm was 110 mJ, with the repetition rate of
10 Hz. These laser beams were focused horizontally to the
surface of the target, which was kept inside the double distilled
water by using a convex lens having focal length (f) 30 cm. The
position of the lens was adjusted while passing the laser beam so
as to compensate for the change in focal length Δf arising from
refraction in the medium and for the optimum focusing [17]:




where l is the thickness of liquid and n is the refractive index.
The variation in focal length due to the aqueous medium in theexperimental setup is determined to be 0.7 mm. The target
was placed perpendicular to laser beam inside the quartz beaker
and the laser beam incident on the target surface after passing
through 0.4 mm thick quartz wall of the container and 4 cm
length of liquid medium. All ablation experiments were
performed inside the container ﬁlled with 20 ml of double
distilled water at room temperature under atmospheric pressure.
The laser beam spot size was 0.8 mm for 355 nm and 1 mm for
1064 nm, when adjusted according to the change in focal length
due to refraction and by tuning the ablation sound to the
maximum level. An x–y translator with manual microcontroller
was used to position and translated the whole target holding
setup to avoid the crater on the target. The hollow depth on the
target surface depends on the energy density [19]. The non-
linear properties of solvent when interacted with laser beam are
considered to be constant in the ablation processes, if persist.
The irradiated Au/Ag targets used were in analytical grade with
purity of 99.99% having thickness 1.5 mm. A circular aperture
was used on the path of the laser beam to prevent stray lights
falling on the target. The laser ﬂuence was varied from 9.95 to
17.9 J/cm2 at 355 nm and from 6.37 to 11.46 J/cm2 at 1064 nm
for tuning the SPR band of the nanoparticles. Further increase
in laser ﬂuence led to the interaction between incident and
reﬂected laser beams at the interface of the quartz wall and the
medium. The duration of ablation was ﬁxed as 20 min for all
the experiments. The quartz beaker and vials were cleaned by
using aqua regia (3 HCl:1 HNO3) and double distilled water
thoroughly, prior to the experiment. Mixing was done to
prepare Au:Ag nanocolloids based on the surface plasmon
characteristics. The colloids were prepared in different volu-
metric ratios of Au:Ag, viz. 20:80, 40:60, 50:50, 60:40 and
80:20, which is denoted as 〈Aux:Ag100x〉λ nm.
The absorption spectra of the samples were measured with a
Jasco V-550 UV–visible spectrophotometer using a quartz cuvette
with an optical path length of 10 mm. The size, shape and crystal
structure of the particles were studied using a transmission
electron microscope (FEI, Tecnai G2 30 electron microscope).
Samples were prepared by dropping colloids on to a carbon
coated copper grid and allowed to dry at room temperature.
The SERS signal of the samples were obtained using a
confocal micro-Raman spectrometer (Horiba Jobin Yvon LAB-
RAM – HR800) equipped with an Ar-Ion laser system (CVI-
Melles Griot) operated at a wavelength of 514 nm as the
excitation line and by employing a peltier cooled CCD detector.
The laser beams of 15 mW power was focussed to the liquid
sample inside quartz cuvette of 10 mm optical path length and
Raman signal was collected through the same objective in back
scattering geometry. The resolution of the selected grating was
1800 line per mm. Crystal violet (CV) was used as probe
molecule. CV is an organic dye intensively tested in the ﬁeld of
biomedical industry and is an effective molecule to test and
evaluate the acidic components in living tissues. SERS samples
were based on a stock solution of 1 mM prepared in double
distilled water. An aliquot of 60 ml, 1 mM was added to the 2 ml
of nanoparticle suspension for the SERS measurements. The
samples were kept idle for 15 min for chemisorptions. Subse-
quent to the molecular adsorption the system was ready for the
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of 250–1800 cm1 was used throughout the investigation.
3. Results and discussion
3.1. UV–vis absorption studies
The surface plasmon resonance characteristics of Au and
Ag nanoparticles were found to be sensitive to laser ﬂuenceFig. 2. Variation in SPR peak position with laser ﬂuence, when ablated with
1064 nm laser.
Table 1
Optimum parameters used for the preparation of nanoparticles and the
corresponding SPR band peak positions (ablation time: 20 min).








Au 355 0.8 17.9 521
Ag 355 0.8 11.94 407
Au 1064 1 11.46 527
Ag 1064 1 7.64 408
Fig. 3. Absorption spectra of Au nanoparticles prepared with (a) 355 nm laser
with ﬂuence of 17.9 J/cm2 and (b) 1064 nm laser with ﬂuence of 11.46 J/cm2.
Fig. 4. Absorption spectra of Ag nanoparticles prepared with (a) 355 nm laser
with ﬂuence of 11.94 J/cm2 and (b) 1064 nm laser with ﬂuence of 7.64 J/cm2.
Fig. 5. Absorption spectra of Au:Ag mixed nanocolloids prepared using 355 nm
laser: (a) Au20:Ag80; (b) Au40:Ag60; (c) Au50:Ag50; (d) Au60:Ag40 and (e) Au80:Ag20.
Fig. 1. Variation in SPR peak position with laser ﬂuence, when ablated with
355 nm laser.
Fig. 6. Absorption spectra of Au:Ag mixed nanocolloids prepared using
1064 nm laser: (a) Au20:Ag80; (b) Au40:Ag60; (c) Au50:Ag50; (d) Au60:Ag40
and (e) Au80:Ag20.
Fig. 7. TEM images and SAED patterns of nanoparticles prepa
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and 2. The optimum parameters used for the preparation of
nanoparticles with high degree of homogeneity and the
plasmon positions are summarized in Table 1. Generally, the
appearance of single absorption band and narrow distribution
indicates the formation of spherical and homogeneous
nanoparticles. It is possible to synthesize smaller nanoparticles
by laser ablation in liquid medium with laser beam having
larger spot size and low laser ﬂuence [23]. The absorption
spectra of Au and Ag nanoparticles prepared under optimum
conditions with 355 and 1064 nm laser radiations are shown in
Figs. 3 and 4 respectively. The size distribution was found to
be narrower for Au nanoparticles prepared with a laser
radiation of 355 nm and Ag nanoparticles prepared with a
laser radiation of 1064 nm, under optimum laser ﬂuence.
Subsequent to the ablation, nucleation process stops, aggrega-
tion continues and the rate of aggregation may depend on
the interaction of liquid molecules comes in contact with
the surface atoms of nanoparticles and the nanoparticle–
nanoparticle interaction process. This interaction arises fromred using 355 nm laser: (a) and (b) Au and (c) and (d) Ag.
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on the attractive Van der Waals force and the electrostatic
repulsive force [17].
The highly homogeneous Au and Ag nanoparticles obtained
in this work were then mixed in different volumetric ratios for
obtaining 〈Aux:Ag100x〉λ nm colloidal suspensions, where λ is
the wavelength of laser radiation used in the ablation process.
The absorption spectra of Aux:Ag100x nanocolloids show two
distinct absorbance maxima corresponding to the localized
plasmon bands of gold and silver nanoparticles (Figs. 5 and 6).
Interestingly, the extinction broadening due to the localized
surface plasmon of gold nanoparticles increased with concen-
tration of 〈Au〉355 nm, when Au:Ag mixing was done with
nanoparticles prepared at 355 nm where as no such signiﬁcant
increase was found when nanoparticles ablated at 1064 nm
were mixed. However, when the gold concentration increased
both the plasmon resonance peak positions remained unchan-
ging, which conﬁrms that the obtained colloid is a mixture of
standalone 〈Au〉λ nm and 〈Ag〉λ nm nanoparticles with no indica-Fig. 8. TEM images and SAED pattern of Au80:Agtion of alloy formation [22]. In the case of 〈Au80:Ag20〉355 nm
colloidal suspension, a narrow plasmon band (full width half
maximum of 48 nm) with peak position at 517 nm correspond-
ing to Au nanoparticles was obtained and no signiﬁcant peak was
found formed corresponding to silver (Fig. 5). It has already been
reported that silver nanoparticles synthesized using ultraviolet
wavelengths are highly reactive [24]. In the case of 〈Aux:
Ag100x〉1064 nm mixed colloids, the surface plasmon resonance
characteristics was different from the previous one. In this case,
with increase in concentration of gold the plasmon band with
peak corresponding to Au appears but the peak corresponding to
Au are broad (Fig. 6). Compared with the spectra obtained for
monometallic colloids, the plasmon bands obtained for 〈Aux:
Ag100x〉λ nm suspensions are broadened, indicating the collective
nature of surface plasmon resonance due Au and Ag nanoparti-
cles [25]. In the absence of ligand molecules, the chemical
stability of Au nanoparticles is very high in pure water and hence
the nanoparticles itself controls the characteristics of the particle
distribution, assembly and aggregation [26].20 colloidal nanoparticles, prepared at 355 nm.
Fig. 10. (a) Raman spectra of crystal violet and (b) and (c) its SERS spectra
with Au and Ag nanoparticles, prepared using laser ablation with 355 nm laser,
as substrates.
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The TEM images along with SAED patterns of Au and Ag
nanoparticles ablated using 355 nm laser radiation are shown
in Fig. 7. Both Au and Ag particles are nanocrystalline in
nature with almost spherical shape with well deﬁned bound-
aries. Crystalline 〈Au〉355 nm nanoparticles with ﬁne lattice
spacing of 0.237 nm correspond to the (111) plane of the
face-centered cubic gold (JCPDS card no. 01-1174). The
average size distribution of the 〈Au〉355 nm particles was found
to be in the range from 12 to 20 nm. The SAED pattern
indicates that the samples are nanocrystals with growth along
(111), (200), (220) and (311) crystal planes. The size of Ag
nanoparticles is found to be in the range from 16 to 26 nm. The
fringe spacing is measured to be 0.229 nm, which correspond
to the spacing between (111) plane of the face-centred cubic
(fcc) silver (JCPDS card no. 03-0931). The shape of the SAED
pattern indicates that the obtained structures are polycrystalline
in nature with hkl planes at (111) and (200). The morphology
of the 〈Au80:Ag20〉355 nm and 〈Au20:Ag80〉1064 nm nanocolloids
show a tendency to join together with the adjacent ones toFig. 9. TEM images and SAED pattern of Au20:Ag80 colloidal nanoparticles, prepared at 1064 nm.
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distribution of nanoparticles are different in 〈Au80:Ag20〉355 nm
and 〈Au20:Ag80〉1064 nm suspensions. This may be attributed to
the difference in size distribution and change in reactivity of
the Au and Ag nanoparticles synthesized at differentFig. 11. SERS spectra from CV observed on (a) Au20:Ag80, (b) Au40:Ag60,
(c) Au50:Ag50, (d) Au60:Ag40 and (e) Au80:Ag20 colloids prepared using
355 nm laser beams, as substrates.wavelengths. It is evident from the TEM images that the
nanoparticles with average diameter of 12 to 26 nm are
present in mixed colloids prepared using 355 nm laser radia-
tion (Fig. 8(a) and (b)). The HRTEM fringe spacing is
measured to be 0.229 nm (Fig. 8(c)). This lattice spacing
corresponds closely to the (111) plane of face-centred cubic
(fcc) gold (0.235 nm) and silver (0.232 nm) (JCPDS card nos.
01-1174 and 03-0931). The assortment of 〈Au20:Ag80〉1064 nm
consists of nanoparticles with size in the range from 10 to
18 nm as shown in Fig. 9(a) and (b), and in the HRTEM
image, the fringe spacing is found to be in the range from
0.231 to 0.241 nm (Fig. 9(c)).
3.3. SERS measurement
It is a powerful technique which allows chemical identiﬁca-
tion of molecules that adhere to the surface of noble metallic
nanoparticles with surface plasmons usually in the visible and
near infrared region [27–30]. Factors such as excitation line,
laser energy, beam geometry, number of molecules adhering to
the substrate, absorption wavelength of the molecules and
afﬁnity of the molecules with the substrate can inﬂuence the
SERS enhancement [10]. Most of the works reported else-
where are based on SERS substrates synthesized by chemical
techniques and only few reports are available in the literature
on the use of metal nanoparticles synthesized by laser ablation
in liquid medium as SERS substrates [29–31]. In this
investigation, crystal violet was used as the probe molecules
and the spectra were found to be well resolved and dispersed.
An increase in SERS enhancement factor was observed
when Au:Ag mixed colloidal nanoparticles was used instead
of Au or Ag nanoparticles as substrates (Figs. 10–13). The
Raman shifts were found to be between 400 and 1650 cm1.Fig. 12. (a) Raman spectra of crystal violet and (b) and (c) its SERS spectra
with Au and Ag nanoparticles, prepared using laser ablation with 1064 nm
laser, as substrates.
M. Vinod, K.G. Gopchandran / Progress in Natural Science: Materials International 24 (2014) 569–578576Modes associated with central carbon atom (Ph–Cþ–Ph
bending), nitrogen atoms (N–phenyl stretching) and phenyl
rings (skeletal ring vibrations, C–H ring deformations and ring
stretching modes) were observable. The details of band
positions with their corresponding assignments for normal
Raman and SERS spectra for CV molecules observed with Au,
Ag and Au:Ag nanoparticles as substrates are given in
Tables 2 and 3 [27,32].Fig. 13. SERS spectra from CV observed on (a) Au20:Ag80, (b) Au40:Ag60,
(c) Au50:Ag50, (d) Au60:Ag40 and (e) Au80:Ag20 colloids prepared using
1064 nm laser beams, as substrates.Analytical enhancement factor (AEF) is estimated using the
following equation [12]:
AEF¼ ISERS n CRS
IRS n CSERS
ð2Þ
where IRS and ISERS are the intensity of the normal Raman and
SERS spectrum of the probe molecules, respectively. CRS and
CSERS are the analyte probe concentrations in the bulk and
SERS sample respectively.
In this investigation, the maximum enhancement was
observed to be 1.49 105 for 〈Au20:Ag80〉1064 nm and then an
enhancement factor of 1.42 105 was observed for 〈Au80:
Ag20〉355 nm substrates. The increase in SERS enhancement can
be attributed to the aggregation of nanoparticles as evident
from the extinction broadening of plasmon band described in
Section 3.1 and TEM images (Figs. 8 and 9). The contributions
of SERS enhancement by both chemical and electromagnetic
effect are evident in the spectra. The chemical effect involved
in the SERS process is supported by the fact that the active
modes in the SERS spectra of adsorbed CV molecules have
been shifted with respect to the normal Raman spectrum of
pure CV molecules [14].Table 2
Raman bands with their assignments in the conventional and SERS spectra of






20:80 40:60 50:50 60:40 80:20
– – 443 442 436 440 442 442 Out-of-plane
Ph–Cþ–Ph
bending
– – – 560 563 – 563 560 Ring skeletal
vibration
– 727 728 720 725 724 725 720 Out-of-plane
ring C–H
bending
766 – – 761 767 769 767 761 Out-of-plane
ring C–H
bending
– 804 803 802 803 803 802 801 Out-of-plane
ring C–H
bending
914 913 919 914 917 916 916 914 Ring skeletal
vibrations
– – 1176 1173 1173 1171 1172 1173 In-plane C–H
bending
– 1306 1306 1298 1300 1302 1304 1300 Ring C–C
stretching
1387 1388 1386 1389 1392 1389 1390 1390 N–phenyl
stretching
– – – 1539 1538 1533 1536 1539 Ring C–C
stretching
1586 1589 1587 1590 1587 1587 1587 1590 Ring C–C
stretching
1617 1620 1621 1620 1620 1619 1620 1620 Ring C–C
stretching
Table 3
Raman bands with their assignments in the conventional and SERS spectra of






20:80 40:60 50:50 60:40 80:20
– – 443 442 436 443 443 443 Out-of-plane
Ph–Cþ–Ph
bending
– – – 561 564 560 563 560 Ring skeletal
vibration
– 727 728 726 723 725 725 725 Out of plane
ring C–H
bending
766 – – 764 764 – 767 767 Out of plane
ring C–H
bending
– 804 803 803 803 803 803 803 Out of plane
ring C–H
bending
914 913 919 914 914 914 914 914 Ring skeletal
vibrations
– – 1176 1173 1174 1175 1175 1178 In-plane C–H
bending
– 1306 1306 1302 1303 1290 1302 1298 Ring C–C
stretching
1387 1388 1386 1392 1390 1385 1392 1377 N–phenyl
stretching
– – – 1536 1532 1542 1539 1539 Ring C–C
stretching
1586 1589 1587 1590 1586 1587 1587 1590 Ring C–C
stretching
1617 1620 1621 1620 1620 1620 1620 1620 Ring C–C
stretching
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the enhancement factor by several orders of magnitude by
ampliﬁcation of the electric ﬁeld due to the response of probe
molecules and the coupling between the plasmon band of
substrates and the excitation laser line [13]. It is observed
that the intensity of SERS spectra is found to increase with
increase of Au concentration in 〈Aux:Ag100x〉355 nm
and decrease of Au concentration in 〈Aux:Ag100x〉1064 nm.
This may be due to the difference in formation of size
of aggregates and the number of “hot junctions”. It is
well known that for spherical metal nanoparticles, the
average electromagnetic ﬁeld intensities at the surface of
individual particles due to the plasmon resonance are
signiﬁcant [12]. When the nanoparticles are in close inter-
action, these ﬁelds can be increased due to interaction
between them and get localized in “hot junctions”, adding
to SERS enhancement.
4. Conclusions
Highly monodisperse Au and Ag nanoparticles were
synthesized by pulsed laser ablation in water. Out of the two
wavelengths used, the size distribution was found to be highlyhomogeneous, when ablation was carried out at 355 nm for Au
and 1064 nm for Ag nanoparticles under optimum experi-
mental conditions. This difference is mainly attributed to the
difference in rate of reactivity of Au and Ag metals. Mechan-
ical mixing was employed to prepare Au:Ag nanocolloids. The
laser ﬂuence used in the synthesis plays a key role in
determining the plasmon characteristics of Au, Ag and Au:
Ag nanocolloids. Further to that the surface plasmon char-
acteristics of Au:Ag colloids are found to depend strongly on
the concentration ratio and the wavelength of laser radiation
which was used in the synthesis. Electron microscopic images
shows that there is a tendency in the Au:Ag mixtures, for the
nanoparticles to join with each other. This simple and one step
preparation strategy provides nearly limitless opportunities for
producing collective plasmon properties from a large variety of
materials and their composites. The maximum SERS enhance-
ments of the order of 105 were observed for 〈Au80:Ag20〉355 nm
and 〈Au20:Ag80〉1064 nm nanoparticles, with better peak resol-
ving capacity especially for 〈Au20:Ag80〉1064 nm mixtures. This
work paves the ways open for efﬁcient and reliable SERS
active substrates that demand the pure colloidal nanoparticles.References
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